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SUMMARY 
1. Corn plants of the inbred strains La and Pr and the hybrid 
strains La x Pr and Pr x La were studied during germination, 
when the third, fifth, tenth and fifteenth leaves were unrolling, 
and at vegetative maturity. Studies were made by dissecting 
the plants and taking weights and linear measurements on 
various parts, particularly the leaves. Emphasis was placed 
on comparisons between inbreds and Fl hybrids as they passed 
. through the successive stages of development. 
2 .. The. fol.lowing o~servations were made: 
a. The hybrids developed faster as shown by the speed with 
which successive leaves and whorls of roots were -initiated. 
Faster linear growth of seedling radicles on hybrid plants 
indicate'd greater meristematic activity. 
b. The hybrids made greater overall growth as indicated par-
ticularly by much larger immature leaves of comparable 
position on plants of the same age. 
c. Comparable plant parts at maturity were larger in the 
hybrids. In leaf blades this could be accounted for by 
(1) greater maximum width and (2) length at least equal 
to that of one of the parental lines for the first few leaves, 
and much greater for the later-formed leaves. 
d. Hybrid plants appeared to have excelled in extent of devel-
opment as well as speed of development and size of parts, 
having produced 20 to 22 leaves compared with 18 or 20 
·for the inbreds. 
e. The most striking difference between mature hybrid and 
mature inbred plants ~xisted in leaves formed after the 
twelfth or thirteenth, which were, much heavier, longer 
and wider on the hybrids. Since these leaves developed 
during the phase of tassel formation and rapid culm elonga-
tion, it is possible that on the inbred plant they were sub-
ject to an inhibiting influence which was less effective on 
the hybrid plants or did not take effect so soon. 
f. From these studies hybrid vigor appears as a factor both 
accelerating the growth activities of the plant and carrying 
them on to a point beyond that common in less vigorous 
inbreds. . 
Vegetative Development of Inbred 
and Hybrid Maizel 
By M. E. PADDICK2, 
The'study herein reported consists of observations on the vege· 
tative development of maize with special emphasis on leaf pro-
duction. The objective' has been to obtain a better picture of the 
dynamics of hybrid vigor as expressed through growth processes 
such· as rate, correlation, sequence and final size. Most of the 
results were obtained from two Iowa inbred strains and their 
reciprocal hybrids, and for that reason may not be entirely char-
acteristic of a general population. 
Specific researches on growth and heterosis of maize are so 
numerous as to prohibit any but general comment. Orthodox 
explanations of hybrid vigor or heterosis have drawn heavily on 
the theories of inheritance. Shull (23) was long the proponent 
of a hypothesis which suggested that the diversity of the parental 
elements brought together in some way stimulated growth and 
development in the offspring. Later, Jones (10, 11) developed a 
concept in which the increased vigor of a hybrid was attributed 
to the greater number of active, favorable hereditary charac-
ters it possessed, the combined contributions of both parents 
being greater than that possessed by either parent alone. Ras-
musson (18) offered the interaction hypothesis in which the com-
bined action of the hereditary factors, as well as the sum of their, 
individual actions, plays a part in any expression of heterosis. 
Finally, there should be considered the experiments of Sveschni~ 
kova on hybrids of Vicia (24). As opposed to the ordinary con-
cept of hybrid vigor, this author presents instances in which 
decreased vigor was obtained in crosses between very similar 
forms of the same species. 
The introduction of rate-of-growth studies into the scheme of 
inheritance annexed a body of botanical data which had been 
accumUlating for some time. Blackman (4) applied the com-
pound interest law to relative plant growth, perhaps after earlier 
German work. A number of other investigators followed him, 
and treatises on the subject are still appearing (20). Typical 
and best known of the growth formulae is that of Robertson 
which treats growth as an autocatalytic process and gives graph-
lA portion of a thesis entitled Growth Correlations . in Maize, submitted to the 
Graduate Faculty of the Iowa state College in partial fulfillment of the requirements 
for the degree Doctor of Philosophy. Project 678 of the Iowa Agricultural Experi· 
ment Station. 
2The author is indebted to Dr, W. E. Loomis for direction and for assistance in 
the preparation of the manuscript, and to Professor E. W. Lindstrom for materials 
and advice. 
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ically a sigmoid curve which is in reality a simple chemical re-
action formula adapted to biological activity. 
Using the principle of the compound interest law of relative 
growth rates, Ashby (2) attempted to explain hybrid vigor by 
the larger embryo he observed in hybrid seed. The work of 
Sprague (22), Paddick (16), and of Kempton and McLane (12), 
however, has shown that large embryo size has little if any per-
manent significance. 
The general anatomy of the corn plant has been described by 
Weatherwax (25). Hershey (8,9) has reported on the structure 
and development of culm and floral parts. His observations 
suggest four phases of growth in the life cycle of maize: (1) 
Development of leaves and roots, initiation of nodes, buds and 
tassel-first 30 days. (2) Rapid development of vascular bun-
dles in stcms~thirtieth to forty-fifth day. (3) Culm elongation 
"-thirty-fifth to sixtieth day. (4) Growth and ripening of grain 
-after sixtieth day to death of plant. . 
More recently a ~tudy has becn made by Abbe et al. (1) of the 
developmental morphology of the shoot apex and the resultant 
pattern of the leaf blades. Among their deductions thcy make 
thc following statement: "The increase in relative width of leaf 
blades six through twelve in diploid maize may be directly and 
quantitatively correlated with the increase in size of shoot apex 
from which the leaf initials arise." 
Authors (1, 3) investigating the cell size factor of the shoot 
apex during ontogeny have found cell size and nuclear size of 
maize fairly uniform throughout the periods of observation. 
These observations are somewhat contrary to those of Whaley 
(26) who noted a decrease in cell and nuclear size in the meri-
stem of tomato during development. 
Wherever and whatever hybrid vigor eventually is found to 
be, it is safe to assume the answers will be closely connected with 
the development of the plant. This connection will bring up 
questions of cell activity and cell behavior. Metabolic processes 
control the functioning of the cell, and the cells in their mass 
relationships constitute and determine the plant. 
METHODS 
Uniform germination of maize is extremely difficult to obtain, 
even under the most favorable conditions. Any slight change in 
temperature, any variation in moisture supply or in kernel size, 
shape, composition or contact with the medium, and any outside 
disturbance, is inevitably reflected in irregular germination. 
'fhese difficulties were reduced by selecting uniform kernels, 
using a technique of randomization and replication, and, most 
important, by starting the experiment with all seeds at the 
threshold of active growth. The latter condition was obtained 
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through (1) allowing the kernels to become saturated with mois-
ture at a temperature of not over 10°C., (2) germinating them 
at a favorable temperature until the radicles were just appear-
ing, (3) holding the individual sprouted kernels at a tempera-
ture of 10°C. until the required number of seeds had germinated, 
and (4) setting up the experiment with these uniformly devel-
oped grains. In all cases growth continued immediately under 
favorable temperatures. This was the only procedure with which 
an equal start could be insured, for, even after long periods of 
presoaking, kernels of the same strain responded erratically. 
Keeping partly germinated grains on blotters at a temperature of 
10°C. did not affect them detrimentally, even after a number of 
days. 
Growth measurements were made on seedlings on blotters, 
small plants in pots, and plants grown in the field to vegetative 
maturity. Plants or plant parts were measured fresh and then 
oven dried and weighed. Green weight would have given a better 
measure of size increase, but dry weights are indicative of trans-
location, differentiation and permanent growth. 
GROWTH CHARACTERISTICS OF MAIZE 
The development of leaves on the corn plant occurs in a regu-
lar manner, each leaf following the preceding one in an over-
lapping sequence, each leaf passing through the stages of initia-
tion, rapid expansion and structural elaboration, and of full 
maturity when tissue differentiation reaches its ma.'(imum. Note 
fig. 1. If either the live or dry weight of the leaves from such a 
growing plant is plotted with reference to age, there is first 
formed a series of increasing values representing successively 
larger mature leaves, then a climax and decline representing the 
successively smaller and more immature leaves. This feature is 
graphically illustrated in fig. 2 in which are shown leaf blade 
lengths of plants of an Iowa single cross 8584 x R8I at three 
different stages of growth. Once mature a corn leaf shows little 
further change, although it may continue for some time to in-
crease slowly in dry weight as cell walls become heavier. 
Among plants within the same pureline strain comparable 
mature leaves differ relatively little, in contrast to the great 
variability to be found in the rapidly growing foliar parts where 
sensitivity and response to environmental conditions are high. 
Of two corn plants, the one more favored by nutrient supply, 
moisture, temperature, etc., will respond by the more rapid 
growth. In the same space of time it will have initiated more 
leaves, matured more leaves, and have those in the process of 
development at a more advanced stage--a factor which may 
produce a temporary advantage in total plant weight out of pro-
portion to its final importance (fig. 3). 
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Fig. 1. 'The leaves and culm of a 45-dny-old corn IJlant (stage of tenth leaf un-
rolling) in which the tnssel was easily recognizable. Note that the twelfth lenf (first 
seedling leaf lost) was showing. whIle those up to and including the eighth were 
mature, and leaves 16 to 19 were still embryonic. Compar e fig. 2. 
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Fig. 2. Average "length. of leaf blades at the stages of seventh, 'terith and fifteenth 
leaves unrolling. Strain 8584 x H8l I1rown in the field. ·See ·fig. 1 for a photograph 
of one of these plants in the tenth leaf ·stage. 
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Fig. 3. Leaf blade lengths of four corn plants of the same age and strain but vary· 
ing in size. Note that environment a! differences show in these young plants in the 
stage of development rather than in tho lengths of mature leaves four to six. 
Continued marked environmental advantage eventually will 
become noticeable in the mature tissue as well as in the growing 
parts. The net result will be larger, sturdier, more vigorous 
organs, and such an effect seems to be cumulative as the develop-
ment of the plant proceeds. In young plants, however, the 
greatest environmentally induced variance exists in the imma-
ture rather than the mature tissue. 
Recognition of these difficulties led finally to plant studies 
made on the basis of stage of vegetative development rather than 
of age. It also led to the leaf by leaf type of comparison which 
is the essence of this· investigation. 
EXPERIMENTAL RESULTS 
EARLY SEEDLING STAGE 
Seed germination is important in studies of heterosis since it 
represents the first active and independent growth of the young 
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plant. The early seedling phase thus would seem to offer an 
excellent opportunity for comparative strain studies despite 
difficulties in technique, in overcoming the great response to 
extremely local elements of environment, and in locating signifi-
cant trends in tissue that is largely tcmporary. Although little 
could be gained perhaps by obtaining absolute measurements on 
the coleoptile, mesocotyl or other seminal tissues which are soon 
to be outgrown, thcre still exists the possibility of determining 
rates which may be closely associated with metabolism. Metabo-
lism in turn is presumed to be an inherent genetical character-
istic of the individual. 
A simple test was devised for preliminary observations on the 
growth of the four strains La, PI', La x PI' and PI' x La. Large 
inbred and small hybrid kernels were deliberately selected. A 
randomized block design was used, one replication in each of 
four trays. The seeds were thoroughly soaked and then prepared 
for quick continuation of growth by previous germination to 
the point of radicle emergence, as described under Methods. For 
one trial the nearly constant average temperature was 14°C. for 
17 days, and for the other trial it was 30°C. for approximately 
48 hours. 
In.both trials data on individual seedlings were obtained such 
as measurements of radicle elongation during a specified interval 
of time, and of live weight of the growing parts, i. e., top, radicle 
and secondary seminal roots. A summary of the data may be 
found in table 1, and tests of significance for differences in the 
total growth of the seedlings arc given in table 2. There were 
decided strain differences evident even in these early and brief 
periods of development. No comparisons could be made on the 
basis of absolute size, for none of the seedling organs were ncar 
maturity. The hybrids, however, had outstripped their inbred 
parents in total production of tissue. Furthermore, there were 
marked differences in linear increase of the radicle, especially 
TABLE 1. GROWTH OF INBRED AND HYBRID SEEDLINGS OF MAIZE. 
AVERAGES Ob' 24 KERNELS PER STRAIN, PREPAltgD FOR IMMEDIATE 
CONTINUANCE OF GROWTH AT STAIt'l' OF TFlST. SEED SELECTED 
l<'OR HEAVY INBRED AND LIGHT HYBRID KERNELS. 
Green weights in mg. per seedling 
Average --_._-------- Elonga-
seed Second. tion of 
Treatment Strain weight Tops Radicle ary Total radicle 
in mg. seminal inmm. 
roots 
------
------
._-
---
Seeds germinated at n tcmpera- La 275 57.00 34.58 32.17 123.75 23.2i 
tureof 12-18°e. (mostly 14°e.) Pr 248 38.33 31. 75 .66 70.75 26.83 
for 17 days. La x Pr 181 47.92 61. 92 21. 59 129.62 47.04 
Pr x La 230 58.20 58.71 35.74 151.16 40.21 
Germinated at 30oe. for ap-I La 275 72.8 65.3 60.7 198.8 50.4 
proximately 48 hours. Pr 248 90.5 54.0 3.2 147.7 50.8 
La "Pr 181 89.5 87.2 43.2 202.9 72.0 
PI x La 230 94.4 87.7 61.8 243.9 71.0 
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TABLE 2. F·VALUES· FOR TESTS OF SIGNIFICANCE OF DIFFERENCES IN 
SEEDLING GROWTH. 
Green weigh t of , Radical 
seedling elongation 
Source of . 
------------
Treatment variance F At 1 per- F At 1 per-
value eentlevel value eentlevel 
----
---
Seeds germinated at a temperature of Strains 22.9 4.01 25.1 4.01 
12-18°C. (mostly 14") for 17 days. Inbred·hybrid 27.7 6.93 65.9 6.93 
Seeds germinated at 30"C. for 48 hours. Strains 25.6 4.01 21.0 4.01 
Inbred-hybrid 29.9 6.93 75.8 6.93 
between inbreds and hybrids, a case of simple accretionary 
growth dependent upon rate of cell division. The photographs, 
figs. 4, 5 and 6, illustrate the differences. 
According to the results of these tests and other observations 
by the writer, seed size had no great effect on the very early 
seedling growth so long as food supply was not critical. The 
principal effect of the larger seed size, if any, seemed to be that 
of producing sturdier and thus heavier plant parts, especially 
secondary seminal roots. The rate of growth, as measured by 
radicle elongation, apparently was not affected. 
One experiment was run in which a rough comparison of the 
rapidity of growth of the four strains could be observed. Ten 
selected kernels of each genetic line were germinated until the 
radicle of each was just appearing. When all had been brought 
to an even start, germination was continued in a tray between 
layers of cotton flannel at a temperature of 25°0. Kernels were 
distributed evenly throughout the tray. 
Each kernel was rapidly weighed on a chainomatic balance at 
the start of the experiment, and again at 5 intervals of 12 hoUl's 
each during the first 60 hours. Since the grains were on the 
verge of active growth at the time of the first weighing, the in-
creases over initial weight represented growth as measured on a 
wet basis. The averages for the 4 strains during the 60-hour 
period are given in table 3. 
The hybrids gained at a rate in excess of their inbred parents 
from the start and increased the difference throughout the 60 
hours. Also observable was a discrepancy between the reciprocal 
hybrids themselves, attributable perhaps to maternal influences 
on the physical properties of the kernels . 
• TABLE 3. AVERAGE INCREASES OF SEEDLING WEIGHTS IN MG. 
Homs from start 
Strain 
12 24 36 48 60 
La 14 47 92 172 261 
Pr 11 42 81 136 193 
LaxPr 14 56 103 188 288 
Pr xL .. 17 72 140 254 384 
Fig. 4. Kernels of the inbred strains 
La and Pr nnd their reciprocnl hybrid 
F,'s La " Pr and Pr x Ln . Size 'hx. 
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Pig. 5. Seedlings of the above strains, 
nfter having been germin:lt cd 24 hours 
(from the time tllC rndid ,," emerged) lit 
25°0. Size %x. 
Fig. 6. As above nfter having been germinated 60 honrs. Size ~/3x. 
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STAGE OF THIRD LEAF UNROLLING 
The earliest comparisons between the strains La, Pr, La x Pr 
and Pr x La in which the leaves were studied, were made when, 
on the average, the third leaf was just beginning to unroll .. The 
material was obtained from plantings mude in pots of eompost 
soil in the greenhouse during the month of l\:Iay. For weight 
analyses each plant was divided into as many parts as feasible-
radicle, secondary seminal roots, first whorl of permanent roots, . 
leaves one to four and remainder of tissue. Measurements of 
blade length, maximum blade width and sheath length were 
taken on the first two leaves. The length of the radicle was 
determined. Data for each plant were obtained and recorded 
separately. 
Only two features served to distinguish the average inbred 
plant from the hybrids: The latter had definitely longer radicles, 
although there were no characteristic differences in the average 
dry weights of this part. La 365 mm. 
PI' 322 
La x PI' 406 
Pr x La 430 
The other feature, observable merely as a trend, was a tendency 
for the very young leaves to be slightly larger in hybrid than in 
inbred plants. This trend is shown in table 4. 
TABLE 4. AVERAGE DltY WEIGHT (IN :MG.) OP OONSECUTIVE LEAVES 
FROM INBRED AND HYBRID PLANTS. TWE~TY-FIVE 
PLANTS PER STRAIN. 
Strain Leaf no. 1 2 3 4 
La 18.9 25.2 16.0 3.1 
Pr 14.8 20.1 13.5 2.5 
Lax Pr 14.1 19.4 15.7 3.2 
Pr x La 19.0 26.2 22.5 5.4 
The surprisingly close approximation of inbred La to PI' x La 
and inbred PI' to La x PI' in the average weight of the first two 
leaves, and the great difference between the reciprocals despite 
the genetic identity of the two, should be noted. ~Iost of this 
difference was due to leaf blade length factor. Leaf blade width 
did not vary significantly. . 
. STAGE OF FIFTH LEAF UNROLLING 
The individualities of the two inbred strains and their FI 
reciprocals were clearly visible by the time the fifth leaves were 
unrolling. Not only were differences apparent in size, but also 
in shape of leaf blade, in sturdiness of stalk and in other quali-
tative characters. Plants grown in pots of soil outside the green-
house from June 13 to July 1 yielded the data given in table 5. 
Essentially the same results were obtained from plants grown 
to the same stage under field conditions. 
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TABLE 5. AVERAGE ROOT AND TOP WEIGHT OF INBRED AND HYBRID 
PLANTS GROWN IN POTS. 'l'WEN'l'Y PLANTS PER 
STRAIN. DRY WEIGHTS IN MG. 
Strain Root weight Top weight Total plant weight 
La 194 247 441 
Pr 161 268 429 
La x Pr 327 428 755 
Prx La 385 477 862 
.At this stage of development leaf number five was partially 
unrolled (fully so in the hybrids), but still growing vigorously 
at the base of the sheath. Leaves one, two and three were fully 
grown and leaf four was practically so. The remainder, six, 
seven, eight, etc., were each successively younger, smaller and 
more embryonic. .Altogether, foliar tissue constituted some 95 
percent of the total top weight. The size of successive leaves on 
plants of the four strains may be noted in table 6. 
TABLE 6. AVERAGE DRY WEIGHTS OF LEAVES FROM INBRED AND 
HYBRID POT·GROWN PLANTS, IN MG. 
Strain Leaf no. 1 2 3 4 5 7 
La 16.1 37.1 64.9 69.6 33.1 3.0 
Pr 11.4 28.3 53.5 77.9 53.4 4.4 
Lax Pr 15.4 36.9 78.5 125.7 96.0 9.4 
Pr x La 16.3 39.8 83.3 130.8 111. 6 13.4 
Rate of leaf formation and development, only slightly more 
rapid in hybrid plants when observed at an earlier stage, was 
by now distinctly greater in the hybrid plants. Differences had 
become apparent in final leaf size also. Weights of leaf three 
indicated the probable start of a definite trend toward heavier 
leaves on the Fl plants. Some explanation of these weight in-
creases was obtained through observations of leaf dimensions 
(table 7). It was interesting to note that leaf blade width within 
a strain did not seem to be correlated with leaf blade length. The 
data collected with reference to this observation were meager, 
but the tendency they showed was definite. 
The tendency for hybrids to develop at a faster rate and to 
have larger mature organs (when compared with reference to 
age or position on the plant, or both) was not confined to top 
TABLE 7. AVERAGE SIZE OF THE 'THIRD LEAF OF INBRED AND 
HYBRID PLANTS. 
Strain Blade length :Max. blade width Product 
" 
La 161 mm. 14.8 mm. 2383 
Pr 114 17.7 2018 
La x p, 144 18.2 2621 
Pr x La 152 18.2 2766 
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TABLE 8. AVERAGE DRY WEIGHT (IN MG.) Ob' FRACTIONS OF THE ROOT 
SYS'l'EMS OF INBRED AND HYBRID PLANTS-
FIFTH·LEAF STAGE. 
Permanent roots 
Secondary 
I 
Strain Radicle seminal ~First Second Third 
roots whorl whorl whorl 
La 91.0 45.1 45.5 18.0 none 
Pr 117.7 none 25.1 12.2 none 
La x Pr 138.9 82.2 73.5 32.1 trace 
PrxLa 165.5 90.0 86.7 ·41. 7 trace 
parts. Root weights illustrated essentially the same trends 
(table 8). 
Root growth is of a more diffuse nature than growth in leaves, 
and thus is difficult to chart through its course. Nevertheless, 
distinct differences were noted between the strains in all com-
parisons, especially between the inbred parents and their Fl 
progenies. Again it would seem that the hybrids exhibited both 
an increased rate of development' and larger final size of parts. 
The nearly eompletc absence of secondary seminal roots on plants 
of strain PI' is a genetic characteristic to be noted for whatever 
it may signify. 
STAGE OF TENTH LEAF UNROLLING 
In plants this faradvanced leaf number nine was nearly grown, 
and all leaves previous to it were mature in size. The succeeding 
leaves were each in turn less morphologically advanced (fig. 1). 
Embryonic tassels were visible in most of the dissected hybrids 
and were beginning to appear in the inbred plants. The sixth 
whorl of perinanent roots had been formed in the F1's but not 
in the parent inbreds. In only a few plants were there signs 
of rapid culm elongation, and foliar tissue still constituted 90-95 
percent of the total top weight. 
Dry weights were obtained for each leaf on each plant (15 
plants per strain) and for the culm as well. Ideasurements were 
taken of leaf blade length and maximum width on five plants 
for each strain. The detailed weight data are presented in table 
9. All results are graphically presented in figs. 7 to 9. In the 
previously studied fifth-leaf stage the reciprocal hybrids were far 
in the lead of their inbred parents, as evaluated by top growth. 
That lead was increased still further during the time between 
observations. 
A glance at figs. 8 and 9 is sufficient to show that the greatest 
difference between inbreds and hybrids still lay in the more 
rapid development of the immature leaves in the latter. This 
seemingly speeded rate of growth was beginning to show also 
some very interesting side effects., While the inbred parents had 
only been able to mature from 7 to 8 leaves up to this time, their 
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tenth leaf stnge. 
Fig. 9. Leaf dry ,veight. in grams. Averages of 15 plants per strain-tenth leaf 
stage. 
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TABLE 9. DRY 'VEIGHT (IN GM.) OF LEAVES Ob' INBRED AND HYBRID 
PLANTS AT THE T]<;N'l'H·LEAP STAGE. 
La Pr La x Pr Pr x La 
Leaf no. 3 ....... ' .............. " ..... .102 .081 .105 .117 
4 ............................ .218 .156 .247 .279 
5 ........................ , ... .460 .300 .500 .SOO 
6 ............................ .790 .530 .950 1.100 
7 ............................ 1.100 .860 1.510 1.730 
8 .... , ..... , ................. 1.010 1.150 2,050 2.370 
9 ...................... , ..... .860 1.120 2.210 2.700 
10 ............................ .520 .760 1.780 2.390 
11 ............................ .238 .390 1.220 1.170 
12 ............................ .084 .150 .710 1.110 
13 ............................ .024 .041 .320 .570 
14 .....................•.•.... .007 .009 .124 .240 
15 ..................... 00 ..... .002 .003 .039 .072 
16 ....................... , .... .001 .001 .012 .032 
17.· ........................... .OO~ .011 
18 .......... , ................. .001 ,004 
19 ......................... ... 
'5: 170 '5:490 ii: 760 .001 Total leaf weight ....................... 16.930 
Culm weight ... 00 .. 00 .................. .390 .410 1.170 1. 750 
Total plant weight. ..................... 5.800 5.890 12.970 16.890 
No. leaves initiated .................... 19 19+ 21 22 
Culm diameter a.bove sixth node (mm.) .... 15.7 16,3 22.3 24.2 
more vigorous Fl progenies had increased this number to 9; and 
while the inbreds had so far produced between 18 and 19 leaves, 
the F1's had increased the number to 21 or 22. ' 
The hybrids were beginning to show larger leaves also, as well 
as earlier development. For example, leaf seven, fully mature, 
varied in dry weight among the four strains in the following 
manner: La, 1.10 grams, I'r, .86, La x PI', 1.51 and PI' x La, 1.73 
grams. Thus the ability on the part of the vigorous offspring to 
produee successively heavier leaves, observed to some degree at 
the fifth-leaf stage, had become still more marked. PI' seemed 
to be the poorest strain in leaf size (length and weight) although 
in rate of leaf maturation it closely approached the F1's them-
selves. Final leaf size in these strains must have been largely 
a genetic matter. 
It has been previously suggested that differences in leaf weight 
might be partly the result of differences in leaf blade dimensions 
that are characteristic of the various strains. The possibility is 
given additional support by the data from these older plants. 
Figures 7 and 8 show the extent of blade width and length dif-
ferences between the two inbreds La and PI', and the closeness 
with which the reciprocal hybrids approached one of the par-
ents in each measnrement. In mature leaf blade widths the 
hybrids resembled Pr; in leaf blade lengths, Ila. 'l'he possible 
significance of these trends lies in the fact that the leaves com-
pared were mature. If genetical phenomena were concerned, it 
appears that heterosis involved not only growth rates but growth 
limits as well, and that the hy-brid leaves may have been larger 
because they had inherited dominant factors for leaf width from 
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one parent and f9r length from the other. Such complementary 
action of dominant factors forms the basis of the Jones' hypothe-
sis of heterosis. 
STAGE OF FIFTEENTH LEAF UNROLLING 
The plants on which these observations were made were grown 
the following year (1940) on good soil in southern Illinois, and 
thus were not entirely comparable to those described in the pre-
vious pages. These plants made a vigorous vegetative growth, 
but had begun to show some effects of the dry weather which had 
persisted for several days preceding sampling. They were in the 
period of rapid overall growth when corn suddenly shoots up-
ward. Growth of the leaves consisted in the development of 
those which had been initiated before tassel formation some days 
previously. Elongation of culm internodes was proceeding at 
a rapid rate, and the hybrid cnlms had reached lengths of 2 
feet or more. 
The trends that were observed in previous data (tenth leaf 
unrolling) continued (tables 10 and 11). Comparable immature 
leaves were much larger in the ·hybrids. Hybrid plants still 
excelled in the size of the newly matured leaves, which were 
heavier than those of either inbred strain. The lengths of these 
leaves matched exceedingly well those of inbred strain La (see 
figs. 10 and 11) and the widths exceeded those of either parental 
line. Development of the culm was a phase of growth which 
TABLE 10. AVERAGE DRY WEIGHTS (IN GM.) OF INBRED AND HYBRID 
PLANTS; FIFTEENTH LEAF UNROLLING. 
Strain Total leaf weight Culmweillht Top weight 
La 29.9 7.3 37.2 
Pr 20.3 5.3 25.6 
La xPr 39.0 12.0 51.0 
Pr x La 42.2 13.1 55.3 
TABLE 11. AVERAGE DRY WEIGHT IN GRAMS OF THE CONSECUTIVE 
LEAVES FIVE TO EIGHTEEN ON THE FOUR STRAINS AT 
THE STAGE OF THE FIFTEENTH LEAF UNROLLING. 
Leaf no. ta Pr Lax Pr Pr xLa 
5 .84 .52 .83 .84 
6 1.55 .90 1.51 1.55 
7 2.43 1.42 2.43 2.49 
8 3.39 2.06 3.42 349 
9 4.25 2.72 4.52 4.55 
10 4.60 3.26 5.29 5.40 
11 4.26 3.26 5.61 5.91 
12 3.37 2.57 5.01 5.55 
13 2.39 1.83 3.91 4.45 
H 1.52 1.03 2.81 3.24 
15 .86 .49 1.80 2.18 
16 .48 .20 1.05 1.39 
17 .... .... .54 .75 
18 .... . ... .26 .37 
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Fig. 10. Leaf blade lengths at the stage of fifteenth leaf unrolling. Note that 
lengths of the first 10 leaves follow those of the inbred parent La. 
Fig. 11. Leaf blade widths at the stage of fifteenth leaf unrolling. The hyhrid 
leaves showed early heterosis by being wider than the corresponding leaves of 
either parent. 
started· sometime after the tenth leaf had unrolled, and marked 
the intiation of a large mass of nonproductive tissue (i. e. neither 
absorptive nor photosynthetic). Thus during this period much 
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of the food produced by the plant was expended in the produc~ 
tion of the stalk, and it is therefore interesting to note the much 
. greater culm growth made by the hybrid plants. 
STAGE OF VEGETATIVE MATURITY 
Observations were conducted on plants both at Ames in 1939 
and in southern Illinois in 1940. Although plants grown during 
the latter year showed some effects from a period of dry weather, 
trends shown in both cases were essentially th~ same. One of 
the most notable changes which had occurred during the period 
between the unrolling of the fifteenth leaf and full maturity was 
the practical elimination of detectable differences between the 
two reciprocal hybrids (table 12). It will be recalled that at 
earlier stages Pr x La led its presumably genetic identity, La x 
PI', by a ·margin that was too great to be attributed to pure 
chance. 
The culm weights, which were less than 5 percent of the top 
at the stage of tenth leaf unrolling, had increased to over 50 
percent; that is, from little more than a gram to as much as 170. 
Foliar dry weight also had increased tremendously, despite loss 
of the first 8 leaves, rising in the hybrids from 12-17 grams. to 
117. Figure 12 brings out some interesting facts about the leaf 
by leaf composition of these four strains. Even in the weights of 
the eighth leaves there· was not a great' difference between the 
hybrids and inbreds, but the difference increased rapidly for 
each succeeding leaf to the fourteenth and less rapidly toward 
the top. Interesting is the point that the weight increment or 
succeeding leaves was almost constant from the eighth to the 
twelfth, and that it was greater for the hybrids than for the 
inbreds. In the first few leaves this increment had tended to 
approach logarithmic difference. 
The great and significant hybrid-inbred difference (so far as 
foliage was concerned) existed in those leaves formed after the 
twelfth. At that point the size increase of succeeding leaves in 
the strains Pr and La began to fall and then reverse, indicating 
the effect of a fundamental growth change of some kind. In the 
hybrids, however, the decrease did not appear until the four-
teenth leaf. This retardation resulted in a marked size differ-
ence between comparable leaves, a difference which was main~ 
tained for the most part throughout the following leaves. 
TABLE 12. AVERAGE DRY WEIGHT (IN GM.l OF LEAVES AND CULMS 
OF MATURE INBRED AND HYBRID PLANTS. 
Strain Dry weight foliage Dry weight culm Culm, percent of total 
La 70.7 78 52 
Pr 68.2 90 57 
Lax Pr 116.4 170 60 
PrxLa 117.3 168 59 
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Fig. 12. Dry weights of consecutive leaves in vegetatively mature plants. Average' 
of 10 plants per strain. 
The leaf blade measurements (figs. 7 and 8) give a clue to some 
of the causes of these significant weight trends. It seems appar-
'ent that to approximately the stage marked by rapid culm growth 
there was not much difference between the leaf blade widths of 
PI', PI' x La and La x PI', although those of strain La' were 
less. For blade lengths a similar situation prevailed, with La 
and the two hybrids approximating each other, and with inbred 
Pr having noticeably shorter leaf blades. Some internal change, 
however, occurred about the time the eleventh or twelfth leaf 
was reaching maturity, something which curtailed foliar growth 
(figs. 10 and 11). The hybrids resisted this change or tolerated 
it better and longer than did the inbreds although they too soon 
showed its effects. The greater constitutional ability to maintain 
leaf blade length and width from the period of .rapid culm elonga-
tion to vegetative maturity was perhaps an important difference 
in the manifestation of vigor between hybrid and inbred plants. 
In it may lie a clue to heterosis. 
DISCUSSION 
In the past few years the study of growth curves (using weight 
as the dependent variable) has assumed importance in the study 
of the inheritance of plant vigor. Such curves are obtained by 
periodically harvesting a number of plants, recording the aver-
age weight (usually of 'dry material) at the end of each time 
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interval, and expressing the results either by a mathematical for-
mula or by graphic methods. Various curves are then compared, 
often by statistical methods, for the purpose of noting charac-
teristics of the curves which may be interpreted as growth rates. 
These curves, however, portray only the overall process of growth 
and accumulation. Little knowledge is gained of the changes 
going on inside the plant. No distinction is made between grow-
ing and mature tissues. Nonproductive culm is included with 
photosynthetic leaf blades. Ultimate organ size is not accounted 
for. Finally, little idea is gained of the sequence of changes and 
development which are in progress as the plant grows. 
It is a characteristic of the corn plant that it grows by suc-
cession. At first little more than an axis of meristematic mate-
rial, the seedling plant adds to itself new leaves, new whorls of 
roots, with sequence and regularity. One leaf after another is 
laid down, moves rapidly through a cycle of expansion and for-
mation to its final shape and size, and is matured before its 
oncoming successor. Each new leaf or new root whorl becomes 
larger, more leaves and roots are simultaneously constructed, and 
more mature tissue piles up. Finally, some internal change takes 
place. Meristematic activity ceases in the main axis. Growth 
slows to a stop, and the plant enters the stage of vegetative 
maturity. 
In these studies the earliest difference manifest between the 
hybrid and the inbred plants appeared to be a greater rate of 
meristematic activity in the seedling tissues of the former. This 
difference was observed in linear growth of the radicle of the 
very young seedlings and was marked after no more than 1 or 2 
days. The same effect could be detected in the hourly rate of 
green weight increase by the whole seedling as seminal roots 
and coleoptile expanded. This observation is essentially in agree-
ment with the data obtained by Burkholder and McVeigh (5) 
who, in tests of the growth of inbred and hybrid corn plants 
under different nitrogen levels, found that: "Apical meriste-
matic regions developed more rapidly in hybrids than in their 
parents and in direct proportion to the amount of nitrogen sup-
plied. Considerable differences in rates of development were 
observed among inbreds and hybrids." 
Unfortunately no data are available which fully account for 
this overall increase. Among the possibilities which might ex-
plain it are (1) the frequency of meristematic cell division, (2) 
the number of meristematic cells simultaneouslY active 1Il dlvision 
and (3) the final size of the cells derived from the meristematic 
tissue. The supply of food available must also be considered, 
but in preliminary tests this factor did not appear to be limiting. 
Apparently both this more rapid increase in seedling size and 
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the larger embryo so often observed in hybrid seeds are results 
rather than causes of heterosis. 
Whatever the cause of this greater rate of growth in the hy-
brids, its effects continued to be manifest in the production of 
leaves, roots, etc., throughout the vegetative phase of plant devel-
opment. Even in plants that were not yet out of the seedling 
stage, the very young and almost microscopic leaves· of the hy-
brids were definitely larger than the corresponding leaves of the 
parental inbreds. From this very early period on, comparable 
immature leaves on hybrid plants were found to be larger and 
heavier than those on inbred plants of the same age. By the 
time some of the individuals had unrolled their tenth leaf this 
difference had assumed large proportions and accounted for 
much of the weight advan,tage of the hybrids. 
In this connection it may be significant to note that a similar 
situation could be observed between individuals of the same 
strain. Those plants most favored by environment and soil con-
ditions showed an earlier development of leaves and other parts 
as compared with plants of the same age and same lot but under 
less favorable conditions (fig. 3). Hybrid vigor could thus 
be approximated, if not duplicated, merely by providing the same 
germ plasm with more favorable conditions for growth and 
development. As East (6) has said: "Hybrid vigor is some-
thing that almost invariably concerns the plant or animal as a 
whole .. Its effect is comparable to the effect on a plant of the 
addition of balanced fertilizer to the soil, or feeding a more 
adequate and more chemically complete diet to the animaL" 
Pope (17) has expressed a similar idea in concluding: "Postu-
lating favorable environmental conditions, rate of growth in 
the plant is largely, if not entirely, conditioned by the maximum 
nutritional opportunities in different parts of the plant and the 
ability of the plant from a physical aild chemical standpoint 
to take advantage of these opportunities." 
Although the hybrid plants excelled their inbred parents in 
the rate of production of new tissue (as observable from the 
comparison of developing leaves), they also excelled them in the 
size of the mature plant parts. This difference was detectable 
in the weight of roots as early as the third week of growth when 
seminal roots had reached their maximum size. Both the radicle 
and seedling roots springing from the cotyledonary node were 
heavier in hybrid than in parental lines. No data are available 
which illustrate the behavior of the whorls of permanent roots. 
Numerous reports in the literature, however, indicate the gen-
eral predominance of more vigorQus and heavier root systems 
. on crossbred plants as compared with their inbred parent strains. 
The hybrid superiority with reference to size of mature parts 
396 
was particularly evident in the foliage. Beginning in about the 
fourth leaf, the dry weight difference between comparable leaves 
on hybrids and inbreds increased until it reached a maximum in 
about the fourteenth leaf. This was the point at which succeed-
ing leaves in both parent and offspring strains became increas-
ingly smaller instead of larger. In the light of the comparative 
studies made at the different stages of growth it seems safe to 
assert that part of this hybrid advantage is due to a more rapid 
rate of growth of leaf tissues. Thus in the same length of time 
a larger leaf would be formed. There was no evidence, however, 
to discredit the possibility that leaves on hybrid plants also grew 
for a longer period of time, and thus provided for a greater mass 
of tissue before activity ceased. Analyzed from a different 
angle, part of the superior weight of "hybrid leaves could be at~ 
tributed to the final lengths and widths. Comparable hybrid 
leaves, at least beyond the third or fourth, were always appre-
ciably greater in maximum blade width than leaves on the in-
bred plants. Likewise, blade length on hybrid plants excelled 
blade length on inbred plants except that there was so little 
difference between the hybrid lines and inbred line La for leaves 
3 to 12 as to indicate dominant inheritance of this characteristic. 
The factors of leaf blade thickness and density w"ere not ac-
counted for in the studies, although general observations sug-
gested that hybrid tissues especially might slowly increase in 
weight for some time after maximum size had been reached. 
In mature culm weight also the reciprocal crosses exceeded 
their inbred parental lines. It had been evident from the time 
the plants were knee-high (tenth leaf unrolling) that there was 
an appreciable difference in. both the dry weights of the very 
young cnlms and in their diameters. This advantage was never 
overcome, and at vegetative maturity it amounted to over 50 
percent of the .culm weights of the inbreds. 
As far as the mature leaves were concerned, the great and 
striking difference between inbred and Fl hybrid existed in the 
size of those formed during the latter half of the period of leaf 
initiation and developed during the period of rapid culm elonga-
tion. In fact the major part of the total difference in mature 
foliar mass was accounted lor in these last eight or nine leaves. 
This· was the period involving a functional change from vegeta-
tive reproductive development-the cessation of leaf growth and 
the initiation of rapid tassel and ear growth. 
The final number of leaves produced also was greater in the 
hybrid plants. On inbred plants leaf initiation usually stopped 
at 18 or 20 leaves. Iri· hybrids leaf initiation continued to 20 
or 22. Likewise root production was carried further on hybrids. 
On most of them there were nine whorls of vigorous permanent 
roots. On inbred plants there were. only seven or eight. 
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There was in this apparent resistance on the part of the hybrids 
to growth cessation a strong similarity to the "uncontrolled 
vegetative growth" observed in some maize plants by Reeves and 
Stansel (19), who reported: "The essential characteristic of 
the abnormal plants seems to be a partial or total loss of their 
tendency to reduce their vegetative development and form. re-
productive organs at the usual time .... In most abnormal plants 
vegetative growth continued for a long time after theinflores-
cences normally would have appeared. . . . Thus in fields of 
corn containing both normal and abnormal ones, many of the 
abnormal plants continued their vegetative growth without show-
ing any signs of inflorescence until they were approximately 
. twice as tall as the normal ones." 
All these data and observations lead toward the conclusion 
that hybrid vigor is an internal characteristic, a feature of the 
cell protoplasm itself. It is something which energizes or stim-
ulates those various processes collectively called metabolism. 
From the time the zygote is formed until its maturity, hybrid 
vigor is manifesting itself through growth-in more rapid 
growth, in greater size and in greater number. It is analogous 
to velocity where the object with greater velocity not only travels 
faster but tends to go farther before coming to rest. 
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